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Summary  Red  facial  coloration  is  an  important  social  cue  in  many  primate  species,  including
humans.  In  such  species,  the  vasodilatory  effects  of  estradiol  may  cause  red  facial  coloration  to
change systematically  during  females’  ovarian  cycle.  Although  increased  red  facial  coloration
during estrus  has  been  observed  in  female  mandrills  (Mandrillus  sphinx)  and  rhesus  macaques
(Macaca  mulatta),  evidence  linking  primate  facial  color  changes  directly  to  changes  in  measured
estradiol is  lacking.  Addressing  this  issue,  we  used  a  longitudinal  design  to  demonstrate  that
red facial  coloration  tracks  within-subject  changes  in  women’s  estradiol,  but  not  within-subject
changes in  women’s  progesterone  or  estradiol-to-progesterone  ratio.  Moreover,  the  relationship
between estradiol  and  facial  redness  was  observed  in  two  independent  samples  of  women  (N  =  50
and N  =  65).  Our  results  suggest  that  changes  in  facial  coloration  may  provide  cues  of  women’s
fertility and  present  the  first  evidence  for  a  direct  link  between  estradiol  and  female  facial
redness in  a  primate  species.
©  2015  The  Authors.  Published  by  Elsevier  Ltd.  This  is  an  open  access  article  under  the  CC  BY
license (http://creativecommons.org/licenses/by/4.0/).
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i1. Introduction
Facial  coloration  appears  to  function  as  an  important  social
cue  in  many  non-human  primate  species  (Setchell  and
Dixson,  2001;  Waitt  et  al.,  2003;  Setchell  et  al.,  2006;  Dubuc
et  al.,  2009;  Higham  et  al.,  2010).  For  example,  facial
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org/licenses/by/4.0/).edness  is  associated  with  status  in  male  mandrills  (Man-
rillus  sphinx,  Setchell  and  Dixson,  2001) and  attractiveness
n  male  rhesus  macaques  (Macaca  mulatta,  Waitt  et  al.,
003).  In  some  species  of  non-human  primate,  facial  col-
ration  may  also  function  as  a  fertility  cue  (Setchell  et  al.,
006;  Dubuc  et  al.,  2009;  Higham  et  al.,  2010).  For  example,
emale  rhesus  macaques’  (Dubuc  et  al.,  2009)  and  mandrills’
Setchell  et  al.,  2006) facial  skin  becomes  redder  during  the
ertile  phase  of  their  ovarian  cycles,  complementing  findings
or  similar  changes  in  the  color  of  female  hindquarter  skin
Dixson,  1998).  Female  rhesus  macaques’  facial  skin  may
 access article under the CC BY license (http://creativecommons.
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lso  become  darker  during  the  fertile  phase  of  their  ovarian
ycles  (Higham  et  al.,  2010).
The  majority  of  research  examining  these  changes  in
acial  coloration  has  focused  on  investigating  the  ultimate
unctions  of  these  color  changes  (Setchell  et  al.,  2006;
ubuc  et  al.,  2009;  Higham  et  al.,  2010,  2011).  Conse-
uently,  research  into  the  proximate  mechanisms  through
hich  these  changes  in  facial  coloration  might  occur  has
een  neglected.  It  has  been  assumed  that  the  vasodila-
ory  effects  of  estradiol  (Sobrino  et  al.,  2009)  drive  these
hanges  in  facial  coloration  (Dixson,  1998;  Dubuc  et  al.,
009),  as  well  as  the  analogous  changes  in  the  color  of
emale  hindquarter  skin  (Dixson,  1998;  Dubuc  et  al.,  2009).
stradiol  may  increase  blood  flow  to  blood  vessels  close
o  the  surface  of  the  skin,  increasing  skin  redness  (Dixson,
998;  Dubuc  et  al.,  2009).  While  this  potential  mechanism
or  changes  in  female  skin  color  has  been  widely  accepted,
here  is  no  direct  evidence  that  changes  in  female  skin  color
losely  track  within-subject  changes  in  estradiol  (Dubuc
t  al.,  2009).  Consequently,  a  critical  assumption  of  the
ssumed  proximate  mechanism  for  changes  in  primate  skin
oloration  during  the  ovarian  cycle  remains  untested.
Recent  work  suggests  that  facial  skin  coloration  may
lso  function  as  an  important  social  cue  in  humans.  For
xample,  increasing  red,  yellow,  and  light  skin  coloration
ncreases  the  perceived  health  of  white  European  and  black
frican  women’s  faces  (Stephen  et  al.,  2009a,  2009b;  Re
t  al.,  2011).  Increasing  red  and  yellow  facial  skin  col-
ration  also  increases  women’s  attractiveness  (Re  et  al.,
011;  Whitehead  et  al.,  2012a,  2012b).  These  effects  are
hought  to  primarily  reflect  responses  to  facial  cues  of  car-
iovascular  health  (Stephen  et  al.,  2009a)  and  good  diet
Stephen  et  al.,  2011;  Whitehead  et  al.,  2012b).  However,
ther  research  suggests  that  facial  skin  coloration  may  be  a
iable  cue  to  women’s  current  fertility  status.  For  example,
ne  recent  study  reported  that  women’s  facial  skin  was  red-
er  on  the  day  of  ovulation,  when  fertility  and  estradiol  are
oth  high,  than  it  was  at  the  end  of  the  luteal  phase,  when
ertility  and  estradiol  are  both  low  (Oberzaucher  et  al.,
012).  However,  the  relationship  between  estradiol  and  fer-
ility  is  not  linear;  estradiol  can  also  be  relatively  high  in
he  mid-luteal  phase,  when  fertility  is  low  (Alliende,  2002).
ccordingly,  another  study  comparing  women’s  facial  skin
oloration  between  the  high-fertility,  high-estradiol  ovula-
ory  phase  and  the  low-fertility,  high-estradiol  mid-luteal
hase  found  no  differences  in  coloration  between  these
oints  of  the  cycle  (Samson  et  al.,  2011).  If  women’s  facial
kin  coloration  does  change  systematically  during  the  men-
trual  cycle,  it  is  plausible  that  the  vasodilatory  effects  of
stradiol  drive  these  color  changes.  However,  like  research
n  color  changes  in  other  primates,  it  has  not  yet  been  estab-
ished  that  changes  in  women’s  facial  skin  coloration  do,  in
act,  track  changes  in  estradiol.
In  light  of  the  above,  we  used  a  longitudinal  design
o  investigate  the  relationships  between  changes  in  objec-
ive  measures  of  women’s  facial  coloration  and  changes
n  their  salivary  estradiol,  progesterone,  and  estradiol-
o-progesterone  ratio  during  the  menstrual  cycle.  We
nvestigated  these  relationships  in  two  independent  sam-
les  of  women  in  which  each  woman  was  tested  in  five
eekly  test  sessions.  Following  other  recent  studies  of
omen’s  facial  coloration  (Stephen  et  al.,  2009b,  2011;
(
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amson  et  al.,  2011;  Whitehead  et  al.,  2012a),  we  measured
acial  coloration  on  the  red  (a*),  yellow  (b*),  and  light  (L*)
xes  in  CIELab  color  space  (Commission  Internationale  de
’Éclairage,  1976).  Note  that  our  study  design  focuses  on  the
elationship  between  measured  hormone  levels  and  facial
oloration.  This  approach  has  been  used  in  several  recent
tudies  of  women’s  responses  to  facial  cues  (Pisanski  et  al.,
014;  Wang  et  al.,  2014;  Hahn  et  al.,  2015) and  allows  for
 more  direct  test  of  associations  between  hormone  levels
nd  aspects  of  facial  coloration  than  a  simple  comparison
f  color  measures  obtained  during  different  phases  of  the
enstrual  cycle  would  allow.
. Methods
.1.  Participants
ll  participants  were  students  at  the  University  of  Glasgow
nd  each  completed  five  weekly  test  sessions.  Participants
ere  recruited  only  if  they  were  not  currently  using  any  hor-
onal  supplements  (e.g.,  oral  contraceptives),  had  not  used
ny  form  of  hormonal  supplements  in  the  90  days  prior  to
heir  participation,  and  had  never  used  sunbeds  or  tanning
roducts.  None  of  the  participants  reported  being  pregnant,
aving  been  pregnant  recently,  or  breastfeeding.  We  tested
wo  independent  samples  of  women.  Sample  1  consisted  of
0  white  women  (mean  age  =  20.9  years,  SD  =  2.38  years).
ample  2  consisted  of  66  white  women  (mean  age  =  21.5
ears,  SD  =  2.95  years).  No  woman  appeared  in  both  samples.
ll  women  provided  written  informed  consent  to  partici-
ate.
.2.  Color  measures
n  each  of  the  five  test  sessions,  each  participant  first
leaned  her  face  with  hypoallergenic  face  wipes  to  remove
ny  make  up.  A  full-face  digital  photograph  was  taken  a
inimum  of  10  min  later.  Photographs  were  taken  in  a  small
indowless  room  against  a  constant  background,  under  stan-
ardized  diffuse  lighting  conditions,  and  participants  were
nstructed  to  pose  with  a  neutral  expression.  Camera-to-
ead  distance  and  camera  settings  were  held  constant.  Since
omen  may  be  more  likely  to  wear  red  or  pink  clothing
uring  the  fertile  phase  of  their  menstrual  cycle  (Beall  and
racy,  2013) and  these  changes  in  clothing  could  influence
easures  of  facial  coloration  due  to  reflectance,  partic-
pants  wore  a white  smock  covering  their  clothing  when
hotographed.  Photographs  were  taken  using  a Nikon  D300S
igital  camera  and  a  GretagMacbeth  24-square  ColorChecker
hart  was  included  in  each  image  for  use  in  color  calibration.
Next,  face  images  were  color  calibrated  using  a
east-squares  transform  from  an  11-expression  polynomial
xpansion  developed  to  standardize  color  information  across
mages  (Hong  et  al.,  2001).  Skin  patches  (150  ×  150  pixels)
ere  then  extracted  from  the  same  fixed  location  (rela-
ive  to  the  pupil)  on  the  left  and  right  cheeks  of  each
oman’s  five  face  images.  The  average  red  (a*),  yellow
b*),  and  light  (L*)  values  for  each  patch  were  then  mea-
ured  in  CIELab  color  space  (Commission  Internationale  de
’Éclairage,  1976).  Color  measures  obtained  from  images
n  this  way  produce  similar  results  to  spectrophotometry
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CIELab  values  measured  directly  from  the  skin  (Coetzee
et  al.,  2012).  Previous  work  reporting  estrous-linked  changes
in  macaque  (Dubuc  et  al.,  2009),  mandrill  (Setchell  et  al.,
2006),  and  human  (Oberzaucher  et  al.,  2012)  facial  redness
also  used  color  measures  from  face  photographs.  Average
red  (Sample  1:  M  =  15.4  units,  SD  =  1.91  units;  Sample  2:
M  =  14.4  units,  SD  =  1.43  units),  yellow  (Sample  1:  M  =  18.2
units,  SD  =  2.60  units;  Sample  2:  M  =  20.0  units,  SD  =  2.62
units),  and  light  (Sample  1:  M  =  74.2  units,  SD  =  3.42  units;
Sample  2:  M  =  72.2  units,  SD  =  2.85  units)  values  of  the  two
patches  for  each  face  image  were  used  in  subsequent  anal-
yses.  These  average  values  were  calculated  separately  for
each  of  the  five  face  images  per  woman.
2.3.  Hormone  assays
Participants  provided  a  saliva  sample  via  passive  drool
(Papacosta  and  Nassis,  2011)  in  each  test  session.  Partici-
pants  were  instructed  to  avoid  consuming  alcohol  and  coffee
in  the  12  h  prior  to  participation  and  avoid  eating,  smoking,
drinking,  chewing  gum,  or  brushing  their  teeth  in  the  60  min
prior  to  participation.  Each  woman’s  test  sessions  took  place
at  approximately  the  same  time  of  day  to  control  for  pos-
sible  effects  of  diurnal  changes  in  hormone  levels  (Veldhuis
et  al.,  1988;  Bao  et  al.,  2003).
Saliva  samples  were  frozen  immediately  and  stored
at  −32 ◦C  until  being  shipped,  on  dry  ice,  to  the  Sali-
metrics  Lab  (Suffolk,  UK)  for  analysis,  where  they  were
assayed  using  the  Salivary  17-Estradiol  Enzyme  Immunoas-
say  Kit  1-3702  (Sample  1:  M  =  4.68  pg/mL,  SD  =  0.92  pg/mL;
Sample  2:  M  =  3.75  pg/mL,  SD  =  1.41  pg/mL)  and  Salivary
Progesterone  Enzyme  Immunoassay  Kit  1-1502  (Sam-
ple  1:  mean  =  152.5  pg/mL,  SD  =  65.5  pg/mL;  Sample  2:
M  =  140  pg/mL,  SD  =  91.5  pg/mL).  All  assays  passed  Sali-
metrics’  quality  control.  We  also  calculated  estradiol-to-
progesterone  ratio  for  each  woman’s  individual  test  sessions
(Sample  1:  mean  =  0.05,  SD  =  0.04;  Sample  2:  M  =  0.04,
SD  =  0.04),  since  estradiol-to-progesterone  ratio  is  highly
correlated  with  fertility  across  the  menstrual  cycle.  One
woman  in  Sample  2  was  identified  as  a  potential  outlier
because  she  showed  an  unusually  large  change  in  estradiol
across  the  five  test  sessions.  We  excluded  this  woman  from
all  analyses,  but  note  here  that  including  her  in  the  dataset
did  not  alter  the  pattern  of  significant  results.
2.4.  Analyses
We  tested  for  within-subject  effects  of  salivary  estra-
diol,  progesterone,  and  estradiol-to-progesterone  ratio  on
aspects  of  facial  coloration  using  multilevel  modeling  with
test  sessions  grouped  by  participant  (five  test  sessions  per
participant).  Analyses  were  conducted  using  R  (R  Core  Team,
2013),  lme4  (Bates  et  al.,  2014),  and  lmerTest  (Kuznetsova
et  al.,  2013).  To  test  for  within-subject  effects  of  hor-
mone  levels  on  each  color  value,  values  on  the  color
axis  were  entered  as  the  dependent  variable  at  the  test
session  level  and  values  for  salivary  estradiol,  progesterone,
and  estradiol-to-progesterone  ratio  were  simultaneously
entered  as  predictors,  again  at  the  test  session  level.  Data
from  Sample  1  and  Sample  2  were  analyzed  separately.  The
e
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ull  outputs  for  each  of  our  models  are  included  in  our  sup-
lemental  materials.
.  Results
nalyses  of  values  on  the  red  color  axis  revealed  significant,
ositive,  within-subject  effects  of  estradiol  in  both  samples
f  women  (Sample  1:  t  =  2.57,  p  =  .011;  Sample  2:  t  =  3.37,
 <  .001,  Fig.  1).  These  results  indicate  that,  consistent  with
ur  predictions,  women’s  faces  were  significantly  redder  in
est  sessions  where  salivary  estradiol  was  relatively  high.
y  contrast  with  these  results  for  estradiol,  these  analyses
howed  no  significant  effects  of  either  progesterone  (Sample
:  t  =  1.23,  p  =  .22;  Sample  2:  t  =  −0.76,  p  =  .45),  or  estradiol-
o-progesterone  ratio  (Sample  1:  t  =  −0.05,  p  =  .96;  Sample
:  t =  −0.65,  p  =  .52).
Analyses  of  values  on  the  yellow  color  axis  revealed  no
ignificant  effects  of  estradiol  (Sample  1:  t  =  −1.83,  p  =  .068;
ample  2:  t  =  −1.94,  p  =  .054),  progesterone  (Sample  1:
 = −1.17,  p  =  .24;  Sample  2:  t  =  0.27,  p  =  .79),  or  estradiol-
o-progesterone  ratio  (Sample  1:  t  =  0.19,  p  =  .85;  Sample  2:
 = 1.24,  p  =  .22).
Analyses  of  values  on  the  light  color  axis  revealed  no
ignificant  effects  of  estradiol  in  either  sample  of  women
Sample  1:  t =  −0.71,  p  =  .48;  Sample  2:  t  =  −1.46,  p  =  .14).
here  was,  however,  a  significant,  negative,  within-subject
ffect  of  progesterone  in  Sample  1  (t  =  −2.20,  p  =  .029),  but
ot  Sample  2  (t  =  0.05,  p  =  .96).  The  effect  of  estradiol-to-
rogesterone  ratio  was  not  significant  in  Sample  1  (t  =  −0.12,
 =  .91),  but  there  was  a  significant,  positive,  within-
ubject  effect  of  estradiol-to-progesterone  ratio  in  Sample
 (t  =  2.24,  p  =  .026).
Our  main  analyses  showed  significant  positive  effects
f  estradiol  on  redness  and  negative  effects  of  estradiol
n  yellowness  that  approached  significance.  Repeating  our
nalyses  of  redness,  this  time  with  values  on  the  yellow
olor  axis  as  an  additional  predictor,  showed  significant  posi-
ive  effects  of  estradiol  in  both  samples  (Sample  1:  t  =  2.15,
 =  .033;  Sample  2:  t  =  2.91,  p  =  .004).  By  contrast,  repeat-
ng  our  initial  analyses  of  yellowness,  this  time  with  values
n  the  red  color  axis  as  an  additional  predictor,  showed
hat  the  effects  of  estradiol  were  clearly  not  significant
n  either  sample  (Sample  1:  t  =  −0.98,  p  =  .33;  Sample  2:
 = −0.26,  p  = .79).  These  results  indicate  that  the  tendency
or  women’s  faces  to  be  less  yellow  when  estradiol  is  high  is
 byproduct  of  the  effect  of  estradiol  on  facial  redness.
An  additional  analysis  of  facial  redness  combining  data
rom  Sample  1  and  Sample  2  showed  a  significant  within-
ubject  effect  of  estradiol  on  facial  redness  (t  =  4.42,
 <  .001)  and  no  other  significant  effects  (both  absolute
 < 0.50,  both  p  >  .62).  The  effect  of  estradiol  remained  sig-
ificant  when  facial  yellowness  was  added  to  the  model
t  =  3.58,  p  <  .001).  An  additional  analysis  of  facial  yellow-
ess  combining  data  from  Sample  1  and  Sample  2  showed  a
ignificant  negative  effect  of  estradiol  (t  =  −2.87,  p  =  .004)
nd  no  other  significant  effects  (both  absolute  t  <  1.12,  both
 >  .26).  As  in  our  earlier  analyses,  this  negative  effect  of
stradiol  on  yellowness  was  an  artifact  of  the  estradiol-
inked  change  in  redness  (effect  of  estradiol  when  facial
edness  was  added  to  the  model:  t  =  −1.01,  p  = .31).  An
dditional  analysis  of  facial  lightness  combining  data  from
32  B.C.  Jones  et  al.
Figure  1  Changes  in  facial  redness  as  a  function  of  estradiol  in  Sample  1  (left  panel)  and  Sample  2  (right  panel).  Graphs  show
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ample  1  and  Sample  2  showed  a  weak  positive  effect  of
stradiol-to-progesterone  ratio  (t  =  1.76,  p  =  .080)  and  no
ther  effects  (both  absolute  t <  1.44,  both  p  >  .15).
Further  analyses  showed  that  all  the  significant  effects
f  estradiol  described  above  remained  significant  when
stradiol-to-progesterone  ratio  was  dropped  from  each
odel.
. Discussion
e  observed  significant,  positive,  within-subject  effects
f  estradiol  on  facial  redness  were  in  two  independent
amples  of  women.  That  women’s  facial  redness  tracks
ithin-subject  changes  in  estradiol  complements  changes
n  facial  redness  during  the  ovarian  cycles  of  female  rhe-
us  macaques  (Dubuc  et  al.,  2009)  and  mandrills  (Setchell
t  al.,  2006).  However,  our  data  are  the  first  to  link  changes
n  facial  coloration  directly  to  changes  in  measured  estra-
iol,  supporting  the  proposal  that  cyclic  changes  in  facial
edness  in  female  primates  with  prominent  facial  skin  are
nderpinned  by  change  in  estradiol  (Setchell  et  al.,  2006;
ubuc  et  al.,  2009).  Thus,  our  data  provide  new  insight  into
he  proximate  mechanism  through  which  cyclic  changes  in
acial  redness  occur  in  female  primates.
Although  our  data  suggest  that  women’s  facial  redness
ontains  information  about  their  current  hormonal  condi-
ion  (i.e.,  their  current  estradiol  level),  facial  redness  might
lso  contain  information  about  women’s  fertility.  Estradiol
s  generally  high  during  the  late  follicular  phase  of  the  men-
trual  cycle,  when  fertility  is  also  high  (Gandara  et  al.,  2007;
ambridge  et  al.,  2013).  However,  estradiol  can  also  be  high
uring  the  mid-luteal  phase  of  the  menstrual  cycle,  when
ertility  is  relatively  low  (Alliende,  2002).  Consequently,
ssessed  in  isolation,  changes  in  facial  redness  may  not
ecessarily  contain  particularly  useful  information  about
i
n
f
uhether  a  woman  is  currently  in  the  ovulatory  phase  of  their
enstrual  cycle.  Consistent  with  this  proposal,  in  the  cur-
ent  study  estradiol-to-progesterone  ratio,  which  is  highly
orrelated  with  women’s  fertility  across  the  menstrual  cycle
Landgren  et  al.,  1980;  Baird  et  al.,  1991),  did  not  predict
acial  redness  in  either  sample  of  women.  However,  men-
trual  cycles  with  larger  changes  in  estradiol  are  less  likely
o  be  anovulatory  cycles  (Gandara  et  al.,  2007;  Hambridge
t  al.,  2013) and  women  who  show  larger  changes  in  estra-
iol  over  an  individual  menstrual  cycle  are  less  prone  to
novulatory  cycles  generally  (Hambridge  et  al.,  2013).  Thus,
hanges  in  facial  redness  may  contain  information  about
omen’s  general  fertility  (i.e.,  the  probability  of  ovulation
ccurring  on  that  cycle  and  the  extent  to  which  a  woman
s  prone  to  anovulatory  cycles  generally),  even  though  they
ay  not  contain  reliable  information  about  position  in  the
enstrual  cycle.  Whether  estradiol-mediated  changes  in
acial  redness  evolved  specifically  to  signal  this  informa-
ion,  or  are  simply  a  low-cost  functionless  byproduct  of  the
asodilatory  effects  of  estradiol,  remains  an  open  question.
Another  open  question  is  whether  (or  under  what  circum-
tances)  the  systematic  changes  in  facial  redness  observed
n  the  current  study  can  be  detected.  Recent  psychophys-
cal  experiments  suggest  that  the  human  color  perception
ystem  is  optimized  for  detecting  relatively  subtle  changes
n  facial  redness,  compared  with  detecting  changes  in  the
edness  of  other  types  of  stimuli  or  detecting  changes  in
acial  coloration  on  other  color  axes  (Tan  and  Stephen,
013).  Indeed,  discrimination  thresholds  for  within-subject
hanges  in  facial  redness  are  very  low  (Re  et  al.,  2011).  Re
t  al.  (2011)  found  the  discrimination  threshold  for  within-
ubject  changes  in  facial  redness  to  be  0.67  units,  which
s  considerably  smaller  than  the  average  change  in  red-
ess  between  the  test  sessions  with  the  lowest  and  highest
acial  redness  in  either  of  our  samples  (Sample  1:  M  =  1.6
nits,  SD  =  0.6  units;  Sample  2:  M  =  1.4  units,  SD  =  0.6  units).
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While  these  results  suggest  that  it  is  plausible  that  estradiol-
mediated  changes  in  facial  redness  would  be  detectable,
variability  between  women  in  facial  redness  may  mean  that
within-subject  changes  are  much  more  apparent  to  indi-
viduals  who  interact  with  the  woman  regularly.  Similar  to
recent  findings  for  individual  differences  in  detection  of
facial  cues  associated  with  hormonal  condition  in  female
rhesus  macaques  (Higham  et  al.,  2011),  individuals  who
are  familiar  with  the  woman  may  more  easily  detect  color
changes  associated  with  hormonal  condition.  Of  course,  our
results  linking  within-subject  changes  in  redness  directly
to  within-subject  changes  in  estradiol  indicate  that  women
showing  larger  changes  in  estradiol  (i.e.,  women  who  are
less  prone  to  anovulatory  cycles  both  generally  and  in  their
current  cycle)  will  generally  be  those  in  whom  the  red-
ness  change  is  most  visible.  Regardless  of  whether  the
estradiol-linked  changes  in  women’s  facial  redness  observed
in  the  current  study  can  be  detected,  our  results  present
strong  support  for  the  proposal  that  estradiol  underpins
the  changes  in  skin  coloration  that  have  previously  been
reported  in  other  primate  species.  Indeed,  the  changes  in
redness  that  were  revealed  in  our  study  could  simply  be  a
vestigial  remnant  of  this  mechanism  that  serves  no  current
function  in  humans.
While  our  results  for  facial  redness  were  consistent
between  our  two  samples,  results  for  facial  lightness  were
more  mixed.  Lightness  was  negatively  correlated  with
within-subject  changes  in  progesterone  in  Sample  1  (but
not  Sample  2)  and  positively  correlated  with  within-subject
changes  in  estradiol-to-progesterone  ratio  in  Sample  2  (but
not  Sample  1).  Faces  of  women  in  Sample  1  were  lighter
when  progesterone  levels  were  low,  as  is  the  case  during  the
follicular  phase  of  the  menstrual  cycle,  including  the  late
follicular,  fertile  phase  (Gandara  et  al.,  2007;  Hambridge
et  al.,  2013).  Faces  of  women  in  Sample  2  were  lighter  when
estradiol-to-progesterone  ratio  was  high,  as  is  the  case  dur-
ing  the  late  follicular,  fertile  phase  only  (Gandara  et  al.,
2007;  Hambridge  et  al.,  2013).  Whether  these  different  pat-
terns  of  results  were  a  consequence  of  Type  1  errors  (i.e.,
were  false  positives)  or  a  consequence  of  subtle  differences
in  the  characteristics  of  the  samples  is  currently  unclear,
although  the  fact  that  no  significant  effects  were  observed
for  lightness  when  data  from  Sample  1  and  Sample  2  were
combined  in  a  single  analysis  suggests  they  are  likely  to
be  false  positives.  Regardless  of  this  issue,  the  results  of
our  analyses  of  facial  lightness  suggest  that  the  previously
reported  tendency  for  female  rhesus  macaques’  faces  to
become  darker  during  the  most  fertile  phase  of  their  ovarian
cycle  (Higham  et  al.,  2010)  does  not  necessarily  generalize
to  female  humans.
Our  analyses  of  objective  measures  of  facial  coloration
and  measured  hormone  levels  in  two  independent  samples  of
women  suggest  that  women’s  facial  redness  tracks  changes
in  salivary  estradiol.  This  finding  complements  previous  work
reporting  changes  in  female  facial  redness  during  estrus
in  non-human  primates  (mandrills  and  rhesus  macaques).
Our  results  also  support  the  proposal  that  estradiol  under-
pins  changes  in  female  facial  coloration  during  the  ovarian
cycle  in  primate  species  with  conspicuous  facial  skin,  poten-
tially  due  to  its  vasodilatory  effects  (Setchell  et  al.,  2006;
Dubuc  et  al.,  2009).  The  majority  of  studies  investigat-
ing  possible  links  between  women’s  physical  characteristics
D33
nd  measured  hormone  levels  have  focused  on  correlations
hat  occur  between  women  (e.g.,  Jasienska  et  al.,  2004;
aw  Smith  et  al.,  2006;  Durante  and  Li,  2009)  and  many
f  these  results  have  not  replicated  in  other  samples  (e.g.,
uts  et  al.,  2013;  Grillot  et  al.,  2014).  By  contrast  with
his  emphasis  on  between-women  differences,  our  data  add
o  recent  studies  suggesting  that  aspects  of  women’s  facial
ppearance  track  within-subject  changes  in  measured  hor-
onal  levels  (Puts  et  al.,  2013).
ole of funding source
his  research  was  funded  by  European  Research  Council
rant  282655  (awarded  to  BCJ)  and  Economic  and  Social
esearch  Council  Grant  ES/I031022/1  (awarded  to  LMD  and
CJ).  SCR  is  supported  by  a  British  Academy  Mid-Career  Fel-
owship.  None  of  the  funders  had  input  into  the  analysis  and
nterpretation  of  data,  writing  of  the  report  or  the  decision
o  submit  the  article  for  publication.
onflict of interest
one  declared.
cknowledgment
o  acknowledgment.
ppendix A. Supplementary data
upplementary  data  associated  with  this  article  can  be
ound,  in  the  online  version,  at  http://dx.doi.org/10.1016/
.psyneuen.2015.02.021.
eferences
lliende, M.E., 2002. Mean versus individual hormonal profiles in
the menstrual cycle. Fertil. Steril. 78, 90—95.
aird, D.D., Weinberg, C.R., Wilcox, A.J., McConnaughey, D.R.,
Musey, P.I., 1991. Using the ratio of urinary oestrogen and pro-
gesterone metabolites to estimate day of ovulation. Stat. Med.
10, 255—266.
ao, A.-M., Liu, R.-Y., Van Someren, E., Hofman, M.A., Cao, Y.-X.,
Zhou, J.-N., 2003. Diurnal rhythm of free estradiol during the
menstrual cycle. Eur. J. Endocrinol. 148, 227—232.
ates, D., Maechler, M., Bolker, B., Walker, S., 2014. lme4: Linear
mixed-effects models using Eigen and S4. R package version 1.0-
6. http://CRAN.R-project.org/package=lme4
eall, A.T., Tracy, J.L., 2013. Women are more likely to wear red or
pink at peak fertility. Psychol. Sci. 24, 1837—1841.
oetzee, V., Faerber, S.J., Greeff, J.M., Lefevre, C.E., Re, D.E., Per-
rett, D.I., 2012. African perceptions of female attractiveness.
PLoS ONE 7, e48116.
ommission Internationale de L’Éclairage, 1976. CIE Colorimetry —
Part 4: 1976 L*a*b* Color Space.
ixson, A.F., 1998. Primate Sexuality: Comparative Studies of
Prosimians, Monkeys, Apes, and Human Beings. Oxford University
Press, Oxford.
ubuc, C., Brent, L.J.N., Accamando, A.K., Gerald, M.S.,
MacLarnon, A., Semple, S., Heistermann, M., Engelhardt, A.,
2009. Sexual skin color contains information about the timing
3D
G
G
H
H
H
H
H
J
K
L
L
O
P
P
P
R
R
S
S
S
S
S
S
S
T
V
W
W
W4  
of the fertile phase in free-ranging rhesus macaques. Int. J.
Primatol. 30, 777—789.
urante, K.M., Li, N.P., 2009. Oestradiol level and opportunistic
mating in women. Biol. Lett. 5, 179—182.
andara, B.K., Leresche, L., Mancl, L., 2007. Patterns of salivary
estradiol and progesterone across the menstrual cycle. Ann. N.Y.
Acad. Sci. 1098, 446—450.
rillot, R.L., Simmons, Z.L., Lukaszewski, A.W., Roney, J.R., 2014.
Hormonal and morphological predictors of women’s body attrac-
tiveness. Evol. Hum. Behav. 35, 176—183.
ahn, A.C., DeBruine, L.M., Fisher, C., Jones, B.C., 2015. The
reward value of infant facial cuteness tracks within-subject
changes in women’s salivary testosterone. Horm. Behav. 67,
54—59.
ambridge, H.L., Mumford, S.L., Mattison, D.R., Ye, A., Pollack,
A.Z., Bloom, M.S., Mendola, P., Lynch, K.L., Wactawski-Wende,
J., Schisterman, E.F., 2013. The influence of sporadic anovula-
tion on hormone levels in ovulatory cycles. Hum. Reprod. 28,
1687—1694.
igham, J.P., Brent, L.J.N., Dubuc, C., Accamando, A.K., Engel-
hardt, A., Gerald, M.S., Heistermann, M., Stevens, M., 2010.
Color signal information content and the eye of the beholder: a
case study in the rhesus macaque. Behav. Ecol. 21, 739—746.
igham, J.P., Hughes, K.D., Brent, L.J., Dubuc, C., Engelhardt,
A., Heistermann, M., Maestriperi, D., Santos, L.R., Stevens, M.,
2011. Familiarity affects the assessment of female facial signals
of fertility by free-ranging male rhesus macaques. Proc. R. Soc.
Lond. B: Biol. Sci. 278, 3452—3458.
ong, G., Luo, M.R., Rhodes, P.A., 2001. A study of digital camera
colorimetric characterisation based on polynomial modelling.
Color Res. Appl. 26, 76—84.
asienska, G., Ziomkiewicz, A., Ellison, P.T., Lipson, S.F., Thune, I.,
2004. Large breasts and narrow waists indicate high reproduc-
tive potential in women. Proc. R. Soc. Lond. B: Biol. Sci. 271,
1213—1217.
uznetsova, A., Bruun Brockhoff, P., Haubo Bojesen Christensen,
R., 2013. lmerTest: Tests for random and fixed effects for linear
mixed effect models (lmer objects of lme4 package). R package
version 2.0-3. http://CRAN.R-project.org/package=lmerTest
andgren, B.-M., Unden, A.-L., Diczfalusy, E., 1980. Hormonal pro-
file of the cycle in 68 normally menstruating women. Acta
Endocrinol. 94, 89—98.
aw Smith, M.J., Perrett, D.I., Jones, B.C., Cornwell, R.E., Moore,
F.R., Feinberg, D.R., Boothroyd, L.G., Durrani, S.J., Stirrat,
M.R., Whiten, S.R., Pitman, R.M., Hillier, S.G., 2006. Facial
appearance is a cue to oestrogen levels in women. Proc. R. Soc.
Lond. B: Biol. Sci. 273, 135—140.
berzaucher, E., Katina, S.T., Schmehl, S.F., Holzleitner, I.J., Mehu-
Blantar, I., Grammer, K., 2012. The myth of hidden ovulation:
shape and texture changes in the face during the menstrual
cycle. J. Evolut. Psychol. 4, 163—175.
apacosta, E., Nassis, G.P., 2011. Saliva as a tool for monitoring
steroid, peptide and immune markers in sport and exercise sci-
ence. J. Sci. Med. Sport 14, 424—434.isanski, K., Hahn, A.C., Fisher, C., DeBruine, L.M., Feinberg, D.R.,
Jones, B.C., 2014. Changes in salivary estradiol predict changes
in women’s preferences for vocal masculinity. Horm. Behav. 66,
493—497.
WB.C.  Jones  et  al.
uts, D.A., Bailey, D.H., Cárdenas, R.A., Burriss, R.P., Welling,
L.L.M., Wheatley, J.R., Dawood, K., 2013. Women’s attrac-
tiveness changes with estradiol and progesterone across the
ovulatory cycle. Horm. Behav. 63, 13—19.
 Core Team, 2013. R: A Language and Environment for Statisti-
cal Computing. R Foundation for Statistical Computing, Vienna,
Austria http://www.R-project.org/
e, D.E., Whitehead, R.D., Xiao, D.K., Perrett, D.I., 2011.
Oxygenated-blood colour change thresholds for perceived facial
redness, health, and attractiveness. PLoS ONE 6, e17859.
amson, N., Fink, B., Matts, P.J., 2011. Does a woman’s skin colour
indicate her fertility level? Preliminary findings. Swiss J. Psychol.
70, 199—202.
etchell, J.M., Dixson, A.F., 2001. Changes in the secondary sexual
adornments of male mandrills (Mandrillus sphinx)  are associated
with gain and loss of alpha status. Horm. Behav. 39, 177—184.
etchell, J.M., Wickings, E.J., Knapp, L.A., 2006. Signal content of
red facial colouration in female mandrills (Mandrillus sphinx).
Proc. R. Soc. Lond. B: Biol. Sci. 273, 2395—2400.
obrino, A., Mata, M., Laguna-Fernandez, A., Novella, S., Oviedo,
P.J., García-Pérez., M.A., Tarín, J.J., Cano, A., Hermenegildo,
C., 2009. Estradiol stimulates vasodilatory and metabolic
pathways in cultured human endothelial cells. PLoS ONE 4,
e8242.
tephen, I.D., Coetzee, V., Law Smith, M., Perrett, D.I., 2009a. Skin
blood perfusion and oxygenation colour affect perceived human
health. PLoS ONE 4, e5083.
tephen, I.D., Law Smith, M.J., Stirrat, M.R., Perrett, D.I., 2009b.
Facial skin coloration affects perceived health of human faces.
Int. J. Primatol. 30, 845—857.
tephen, I.D., Coetzee, V., Perrett, D.I., 2011. Carotenoid and
melanin pigment coloration affect perceived human health.
Evol. Hum. Behav. 32, 216—227.
an, K.W., Stephen, I.D., 2013. Colour detection thresholds in faces
and colour patches. Perception 42, 733—741.
eldhuis, J.D., Christiansen, E., Evans, W.S., Kolp, L.A., Rogol,
A.D., Johnson, M.L., 1988. Physiological profiles of episodic pro-
gesterone release during the midluteal phase of the human
menstrual cycle: analysis of circadian and ultradian rhythms,
discrete pulse properties, and correlations with simultaneous
luteinizing hormone release. J. Clin. Endocrinol. Metab. 66,
414—421.
aitt, C., Little, A.C., Wolfensohn, S., Honess, P., Brown, A.P.,
Buchanan-Smith, H.M., Perret, D.I., 2003. Evidence from rhesus
macaques suggests that male coloration plays a role in female
primate mate choice. Proc. R. Soc. Lond. B: Biol. Sci. 270,
S144—S146.
ang, H., Hahn, A.C., Fisher, C., DeBruine, L.M., Jones, B.C., 2014.
Women’s hormone levels modulate the motivational salience
of facial attractiveness and sexual dimorphism. Psychoneuroen-
docrinology 50, 246—251.
hitehead, R.D., Re, D., Xiao, D., Ozakinci, G., Perrett, D.I., 2012a.
You are what you eat: within-subject increases in fruit and veg-
etable consumption confer beneficial skin-color changes. PLoS
ONE 7, e32988.
hitehead, R.D., Coetzee, V., Ozakinci, G., Perrett, D.I., 2012b.
Cross-cultural effects of fruit and vegetable consumption on skin
colour. Am. J. Public Health 102, 212—213.
